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DRAG AND HEAT TRANSFER COEFFICIENTS OF METEOR BODIES.

I. CONDITIONS OF WEAK SHIELDING

by

V.N.Lebedinets, Yu.I.Portnyagin and A.K.Sosnova

Results of numerical calculations of the drag and heat transfer

coefficients of meteor bodies are given, with allowance for

shielding of the leading surface of the body of molecules flying

away and evaporating and for the reactive momentum effect.

During the motion of a meteor through the atmosphere the shielding

of its leading surface by molecules evaporating and flying away leads

to a reduction of the energy and momentum fluxes to the meteor's surface,

i.e. to a reduction of the heat transfer coefficient A and the drag

coefficient r . Approximate estimates of A and Tr under conditions

of weak shielding (with allowance only for the first collisions of the

evaporating or outgoing molecules) have been obtained by a number of

1-5
authors . In all these studies some simplifying assumptions were
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introduced, which degraded considerably the accuracy of the results (for

example, no account was taken of the velocity distribution of the

evaporating particles, and the energy and momentum transferred to the

body by collisions with particles were assessed approximately). Moreover,

in refs. 1-3 no allowance was made for the dependence of the effective

diffusion cross section Qd on the velocity of the colliding particles,

and the value of Qd was assumed to be the same at meteor velocities as

under gas-kinetic conditions.

Below we report calculations of A and r free from the above-

mentioned shortcomings. The first-collisions approximation is used, i.e.

the solution is applicable in the case of weak shielding.

Me t h o d o f c a 1 c u 1 a t i o n

Under the conditions of free molecular flow all molecules whose

paths intersect the body collide with the latter and transfer their

energy; this energy goes primarily on heating, melting, and evaporation

of the meteor substance. A momentum transfer also takes place, as a

result of which the meteor's flight is retarded. As the atmospheric

density increases the collisions between molecules in front of the body
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become important. If over a distance of the order of the characteristic

dimensions of the body the number of such collisions is small, the

corresponding regime of motion is regarded as almost free-molecular.

The motion of meteor bodies under such conditions was studied in refs.1-3.

Fairly recently V.A.Perepukhov6 developed a rigorous mathematical method

for calculating the aerodynamic characteristics of bodies moving in the

regime of almost free molecular flow. Following this method we shall

estimate the drag coefficient A and the heat transfer coefficient

for meteor bodies moving in an almost free molecular regime, taking into

account the body's evaporation and the dependence of Qd on the meteor's

velocity.

Consider a meteor body consisting of a sphere of radius Ro. We

choose a coordinate system in which the meteor is at rest while the air

molecules fly toward it with a velocity vo. We-further suppose that

the surface temperature is the same at all points, the energy and momen-

tum accomodation coefficient is equal to unity, and the velocity distri-

bution function of particles flying away from the surface of the sphere

is

· '/,') (1)



where no and vT are respectively the density and the velocity of the

molecules flying away (vT << v ) and R is the gas constant. We shall

consider the collisions between the molecules or atoms leaving the

sphere's surface and air molecules coming toward the surface. We intro-

duce spherical (p,e,P) and Cartesian (x,y,z) systems of coordinates with

the origin at the center of the sphere (Figure 1). Then the flux of

molecules'leaving in unit time a surface element dF=R0sinededd in the

direction *, P within an element of solid angle dw =sint dt d 9 , with

velocities in the interval VT, vT + dvT, will be

nii) = n,(2 TQ)-cxp -,,! X (2)

X -vr2 cos itJ sin d[ chli diF d'.

'u.e. I ., 

'

Figure 1 : Coordinate systems used in the calculation
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The number of collisions between leaving molecules satisfying the

conditions (2) and molecules of the incident flux in a volume element

p2dpsint dt d? with the center at the point A(x,y,z) is:

; = inr ,(2rtfTo)-' X

X exp (-)- r) 'r2 cos 1 X .

X siln a' dalp dTr de': -2,toG, sin v .X
·X co(s v (ldv d(!o' in C il) d X

(3)

where y and ¥ are angles defining the directions of the line of centers

of the colliding molecules (regarded as rigid spheres) in a coordinate

system linked with the direction of the relative velocity G2 1;

k21 = V/ n QdG21 is the mean free path of the leaving particles; n is

- 02
the density of the incident particles; and Qd = Il

2
is the effective

cross section for diffusion of the leaving molecules into the incident

ones. Since vO >> VT G2 1 v. If no evaporation is taking place,

it follows from the law of particle conservation on the sphere surface

that n = 2n j S' cos i, where S' = voO/ 2 is a dimensionless

parameter. Expression (3) may be written in the form

/' .n/lnto'.,,:(0).(v)l(~.)l ( )h)/([)f/(p)/( ,(\ , ,, , ,,',(4)
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where

/(l _) - " :ia ) c.s nI, /i,'( ) 2 ('2a?~ -"exp (--(,):I'2i"' ' '?
/(q') ...-") ' CoM i(v) = 'siIl' i (5).. I 00 CO ? , I. .\' C. i' .. (5

The distribution functions f (xi) in equations (4) and (5) are chosen

so that

(6)

where the 'i are numbers distributed uniformly in the interval between

zero and unity. With the aid of arbitrary sequences of random numbers

distributed uniformly between zero and unity, equations (4)-(6) make

it possible to obtain sequences of the parameters of collisions between

incident and outgoing particles-- VT, , . , P, p, Pp ,±, ( -- with the

appropriate probability densities, by formulas

· ,

:.. h ., " C ' _ (7)
' : . ,, , ,: . ........

sin () = = 2,xi It= 2 j = 2.i 4,,

in which ~i+k are random numbers satisfying the conditions of (6).

According to equation (1), one other condition is imposed on 2i-1

"' , exp[- Ks (,'i-)Z+11( (8)1'

The interval of the change of the velocity modulus for molecules flying

away in 0 - Kj2RT (in the calculation we took K1 = 5). When finding0o 
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the formula for p it must be remembered that at meteor velocities

Q = C/v (ref. 7), where C = 1.7 x 10 9 cm3/sec. Thend = C/v

-! -[- Cy/ )JVTQx n In-l(i+7). ()

in which the d are the effective diffusion cross sections of air

molecules at a large distance from the moving body and

Kn = (2 2QOn R )- is the Knudsen number (ratio of the mean free
oo d oo o

path of the air molecules to the body's diameter). N collisions are

considered with the aid of formulas (7) and (9) [the number N depends

on the required accuracy of the calculation], the coordinates of each

collision point being in each case found from:

=So,1 i (OS' o + (Z' + Lo) Sill 01 cos - y' sill ),

i/:- Vf (os() o± (Z ' RO) sin 01 Sill i+ Y COS p (10)
[-x' simm (+ (: -j- I) :4),

where x' = pcosPsin , y' = psinPsinlr , z' = pcos If the point

given by M(xo,Yozo) is projected onto some point on the sphere surface,

then at this point of the surface there is a loss of the following

molecular characteristics:

mv for the momentum flux in direction v
co oO

12 (11)and -mv for the energy flux

where m is the molecular mass.
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The quantity

1':,,: . -- i, i VZO -.. sill, p C- yo siat . . . -i- sig I...

1): i4 [ "n ·o -. (''"M}u tyilll CO,, r '2 ( TJ( (12)

gives the possibility of the.intersection of particle trajectories after

collision with the sphere. If D > 0, the particle collides with the

sphere.and transfers to it the following molecular characteristics:

mv cos 2v for the momentum flux in the (13)oo

direction of v
oo

1 2 2and fmv 2 cos V for the energy flux

For the second particle in (11) sin ¥ must be replaced by -sin .L,

cos i by -cos i, sin V by cos D , and cosv, by sinV . Then, if D > 0,

the second particle transfers to the sphere:

mv sin V for the momentum flux in the
00

direction of v
00oo

- 2 2
and ½mv2 sin v for the energy flux (14)

We must also take into account the reactive momentum of molecules

evaporating or flying away, which for a single particle amounts to

z - R cos9
o omv

where z - R cosG is the cosine of the angle
o o

p
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between the direction of the thermal velocity vector and the z-axis.

For the summary characteristics it is sufficient to sum up the

appropriate characteristics lost as a result of collisions and received

by the sphere, and refer them to the total number of collisions.

Results

If there is no evaporation only the air molecules flying away from

the meteor body take part in shielding. In this case the heat transfer

and drag coefficients will be written in the form

A Af.m.+ A(+) A(7)' (15)
fr = If. ' r(+) -,

where A and r- are the values of A and r under conditionsf.m. f.m.

of free molecular flow, A(+) and T(+) are increments to Af m. and

r due to the fact that some of the molecules after collision fly
f.m.

toward the meteor body, and A(_) and r(_) are corrections to Af.m.

and P due to the fact that some of the air molecules directed at
f.m.

the body do not in fact reach its surface on account of collisions. Since

at meteor velocities the accomodation coefficient a 1 (ref. 5), in

free molecular flow Af = 1 and. = 1 + A r where .Af
i.m. f.m. r.e. r.e.

is an increment due to the reactive effect of molecules flying away.

C
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Putting () - A(+) A s.e [ and r(+) = ' e

[*] Translator's note: The Russian subscript "z.e.", translated
here as "s.e.", is not defined; it has been assumed to
indicate "shielding effect".

rewrite equations (15) in the form :

I%= --AA\s.e, '

P =- 1 -Al' +' (16)s.e. r.e.

From equations (11), (13), and (14) it is not difficult to see that

LA = aTs.e. s.e.

Values of 6A% and AT' were calculated for various Knudsen
s.e. s.e.

numbers on a Minsk-2 computer. It was assumed that . = 1.5 x 105 cm/sec.0

To check the'convergence of the'calculation results with increasing number

of collisions for each value'of the Knudsen number we considered various

numbers of collisions : 20,000, 40,000, 80,000,and 160,000. To exclude

possible correlation between the 6i+k' where k = 0,1, ....6,7, the numbers

i+k were selected from various sequences of pseudorandom numbers

supplied by a data unit. Without taking into account the dependence of

Qd on the velocity, ALse. depends on two dimensionless parameters,

Kn and S (ref. 6). Within the range of meteor velocities Qd is
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inversely proportional to the velocity, and therefore in the absence of

evaporation for meteor bodies A is velocity-independent, varying
s. e.

only with the parameter Kn . The AA values obtained by the present
O 0 s.e.

authors are given in Figure 2. A simple formula is obtained for T r.e.

. \'r.e;r .(e.
0~~.4(7

,t~,1S. e .Ai A S.B, S.e.

ot,

. / /0' ' ' ' ',

Figure 2 : Dependence of AAs. and e.on the
s.e. s..e.

Knudsen number, taking into account only shielding

by the molecules flying off

After the beginning of intensive evaporation both the air molecules

flying away and the evaporating molecules of meteor substance may take

part in the shielding. If the entire energy received by the meteor is

used up on its evaporation, the number of molecules evaporating for every
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incident air molecule is given by :

Antvw AUv0 (18)

¥= 2'-- 2Q

where e represents the evaporation energy of a single molecule of meteor

substance and Q is the evaporation energy per gram.

In the general case the energy may be utilized not only on evaporation

but also on heating of the meteor body and on blowing away of the molten

skin, and it is then convenient to introduce a gasification parameter Il

(ref. 8), which characterizes the proportion of energy going on evaporation.

Then for every incident air molecule the number of molecules evaporating

is equal to :

.Il.- (19)
2:.

From the above scheme of calculating Ade and A sl it is easy
s.e. s.e.

to see that, with allowance for evaporation, the formulas for Az and P

may be written in the form :

(lIII- !)AAs e,
- I (I\ 1-- 'e" (et(ly- )lr.e'. (20)

From equations (19) and (20) we find the formulas for calculating jA

and r with allowance for screening by molecules evaporating and flying
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away :

(21)

1'= I( m )= X.e.-r (-,0-- I) \r.e.

With the aid of equation (21) and the data of Figure 2 we obtained

the dependence of the quantities LA= 1 - A and Ar= 1 -r on the

Knudsen number for three meteor velocities v (15,30, and 60 km/sec) and

for two values of II : 0.5 and 1 (Figures 3 and 4).

: 0 .. .$ -$- . -,

Figure 3 : Dependence of AA. on the Knudsen number with

allowance for shielding by particles flying away and

evaporating, at various meteor velocities

- v =15; 2 - v = 30; 3- v = 60 km/sec.
oo co co

The continuous lines correspond to I'I = 0.5 and the

broken lines to !I = 1.0
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j r

Jc .-j

, -~// ~/
!

" . ....

'1 -· , / ,,

*broken lines to / =10

Figure 4 describDependence of paper on the Knudsen number with.

all owance for tho calculate reactive momentum effect and for

shielding by particles flying away and evaporating at

various meteor velocities :

1 - v = 15; 2 - v = 30; 3 - v = 60 km/sec.

The continuous lines correspond to II = 0.5 and the

broken lines to II = 1.0

The method described in this paper, taking into account only the first

collisions, may be used to calculate is values between 1 and about 0.6.

Table

V skm/sec jIl =0 fl-o. U-ti

'1 'IS | 0. | 1.8 |' t".1
.0 _ _ . .. I..Go ~ . 1 ' :*_ _ -!.

The above table gives the critical Knudsen numbers corresponding to
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AI = 0.6 for various values of v and i7F. Using the tabulated results

and the formula Kn = X /2R (where X is the mean free path of the
00oo oo 0o

air molecules), it is easy to find the limiting radius R of the meteor
0

body in dependence on the meteor's velocity and altitude.

1-5Comparison with the results reported in earlier publications shows

that the critical dimensions obtained in this paper for meteor bodies for

which shielding by molecules flying away and evaporating is important are

more or less mid-way between the approximate critical dimensions obtained

in refs. 1 and 5.

The authors are indebted to V.A.Perepukhov for valuable advice

concerning the method of conducting the calculations.

Experimental Meteorology Institute Received

December 19,1968

A b s t r a c t

Drag and transfer coefficients of meteor bodies have been calculated

by a numerical method on a computer taking into account the shielding of
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the leading surface by molecules flying away and evaporating and the

reactive momentum of these molecules. The first-collisions approximation

is used. Critical Knudsen numbers for which the drag and heat transfer

coefficients can be calculated are given for various meteor velocities

and gasification parameters.
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